ABSTRACT
INTRODUCTION
Measurements of mRNA abundance are powerful analytical approaches to the study of cell physiology and the effects of disease state on cell function. Indeed, numerous studies have identified abnormalities in specific transcriptional pathways that may underlie the pathophysiology of several disease processes (1, 9, 21, 26, 29, 31) . Recent technological advances, in particular the development of rapid quantitative methods for PCR coupled with focused gene array technologies, have greatly extended the usefulness of mRNA profiling.
In neurobiological research, an important consideration is the very high degree of cellular heterogeneity present in the brain. With conventional dissection techniques, it is inevitable that tissue samples from the brain will contain a variety of different cell types, both neuronal and glial, confounding data interpretation. Anatomical techniques such as in situ hybridization are often used to circumvent this problem, but this approach is limited to the study of one or two genes at a time, and quantitation is laborious (28) . Laser capture microdissection (LCM) is a method for the harvesting of single cells from heterogeneous tissue sections (12, 37) . Originally developed for studies of cancer, LCM is currently being used by several laboratories to isolate populations of neurons from the brain for mRNA profiling (6) .
The application of LCM for mRNA profiling in the central nervous system presents several significant technical challenges. Different LCM systems are currently available (44) , and the physical extrication of the cell from the tissue section depends on several parameters, including the thickness of the section, method of tissue fixation, and coating of the microscope slide that the tissue is mounted on. Many general histological staining protocols have been successfully modified for use with LCM, including hematoxylin and eosin, methylene blue, and methyl green (38) . In contrast, the neurochemical identification and capture of specific populations of neurons have proved more difficult. We have found the use of histochemical reactions such as NADPH-diaphorase problematic, as the protocols require incubation of the tissue section at 37°C, which results in irreversible binding of the tissue to the microscope slide. Further, the presence of metal ions, which are often integral components of many histological protocols, can also have a negative effect on RNA recovery.
Routine immunohistochemical techniques are generally not compatible with subsequent RNA analysis because they require long incubation times in aqueous solutions, conditions in which mRNA is unstable and becomes degraded. However, such limitations may not apply to tissues being processed for DNA analysis or proteomic profiling (25, 37, 45) where different parameters must be optimized for successful biomolecular recovery. In addition, many routine immunohistochemical protocols require fixation with aldehydes, which may reduce the recovery of mRNA (11, 20, 22) . The chromogen used for immunohistochemical staining must also be selected carefully. Fluorescence is a very sensitive detection method, but many standard fluorophores are not compatible with LCM because their fluorescence is quenched by dehydration through xylene, a step that is required for successful capture.
We have developed a technique of rapid immunohistochemistry to visualize populations of nitric oxide synthase (NOS)-immunopositive neurons in the rat striatum that is compatible with LCM and subsequent quantitative mRNA analysis. Our interest in this cell population arises from their resistance to neurodegenerative injury. For example, in Huntington's disease, there is an extensive loss of neurons from the striatum, but the NOS-containing population is relatively preserved (10, 14, 15) . Further, striatal NOS interneurons are similarly resistant to both chronic and acute ischemia, hypoxic trauma (32) (33) (34) , mitochondrial toxins (7, 23) , and excitotoxins (3) (4) (5) . In these initial studies, we have used real-time PCR to analyze the expression of the mRNAs encoding members of the family of ionotropic glutamate receptors, specifically N-methyl-D-aspartate (NMDA) receptors; these receptor complexes are a key component of the excitotoxic cascade. We have found that this rapid immunofluorescence method provides an effective and efficient strategy for isolating mRNA from a neurochemically identified population of neurons. This approach should be readily extendable to studies of other cell types and types of mRNA analysis, including gene array profiling (6) .
MATERIALS AND METHODS

Rat Tissue
Adult Sprague-Dawley rats were obtained from Charles River Laboratories (Wilmington, MA, USA). Their brains were removed and immediately snapfrozen in ice-cold isopentane. Frozen brain tissue was then mounted onto a cryostat chuck, and 8-µm-thick freshfrozen tissue sections were cut and thaw-mounted onto RNase-free uncoated, uncharged microscope slides (Fisher Scientific, Pittsburgh, PA, USA). Coronal sections were cut from three adult rat brains and stored at -80°C until processed for LCM.
Optimization of Tissue Preparation for LCM
We examined in detail both the effects of fixation and the choice of fluorophore on the identification of NOS neurons in the rat striatum. NOS immunostaining was carried out by incubating the frozen tissue section in fixative, rinsing briefly (1 min) in 100 mM sodium phosphate buffer, pH 7.4, followed by incubation in primary rabbit anti-nNOS antiserum (Sigma, St. Louis, MO, USA) diluted 1:500 in 100 mM phosphate buffer for 5 min, another brief rinse in phophate buffer, incubation in goat-anti-rabbit IgG (diluted 1:50 in 100 mM phosphate buffer; Molecular Probes, Eugene, OR, USA), and rinse and rapid dehydration (70%, 80%, 95%, 100% ethyl alcohol) to xylene. In optimizing the protocol, we tested both paraformaldehyde in 100 mM phosphate buffer, pH 7.4, at various concentrations (0.5%, 1%, 2%, and 4%) and ethanol (70%, 80%, 90%, and 100%) as a fixative. The duration of fixation was varied from 30 s to 5 min. We tested a variety of different fluorophores, including the cyanine dyes (Cy2 and Cy3), tetramethylrhodamine (TRITC) (Jackson ImmunoResearch Laboratories, West Grove, PA, USA), and Alexa Fluor 488 (Molecular Probes). We also examined the effect of varying the concentration and incubation time of the primary anti-NOS antiserum and the effect of xylene dehydration on the abundance and intensity of cellular staining. To compare the effects of these variables, we prepared sections stained under different conditions and evaluated both the abundance and intensity of immunofluorescent NOS interneurons detected both before and after xylene dehydration. Immunopositive cell bodies observed were counted and compared to adjacent sections processed for NADPH-diaphorase histochemistry, an established histochemical marker of NOS interneurons (43) . NADPH-diaphorase histochemistry was carried out as previously described (36) .
LCM Dissection
NOS-immunopositive striatal interneurons were laser dissected (PixCell II ® ) and collected on HS CapSure caps (both from Arcturus, Mountain View, CA, USA). The laser pulse settings were 30-50 mW, with a duration of 1.2-1.5 ms as previously described (30) . For the quantitative PCR studies, 200 NOS-immunopositive striatal neurons were dissected from each rat striata.
RNA Extraction, DNase Treatment, and First-Strand DNA Synthesis
Total RNA was extracted from LCM neurons using a Micro RNA isolation Kit (Stratagene, La Jolla, CA, USA), per the manufacturer's instructions. In brief, CapSure polymer caps were attached to sterile 0.5 mL Eppendorf ® tubes containing RNA extraction buffer (200 µL guanidinium isothiocyanate and 1.6 µL β-mercaptoethanol), the tubes inverted on ice for 15 min, centrifuged, processed immediately, or stored at -80°C. To the extraction buffer, 20 µL sodium acetate (2 M), 200 µL phenol (pH 5.2), and 60 µL chloroform-isoamyl alcohol were added, the sample vortex-mixed, placed on ice for 15 min, and centrifuged at 4°C for 15 min. The upper aqueous layer was then transferred to a new Eppendorf tube, and 2 µL glycogen (10 mg/mL; GenHunter, Nashville, TN, USA) and 200 µL ice-cold isopropanol were added, the RNA was precipitated at -80°C and then recovered by centrifugation at 4°C. The RNA pellet was then rinsed, re-centrifuged, and resuspended in DNase buffer (MessageClean Kit, GenHunter) containing RNase inhibitor (20 U) and DNase I (20 U), and incubated at 37°C for 2 h to eliminate contaminating genomic DNA. First-strand DNA synthesis was then carried out using 50 U SuperScript ® II (SuperScript II Preamplification Kit; Invitrogen, Carlsbad, CA, USA) at 42°C for 50 min.
NR2A, NR2B, NR2C, and NR2D, the Huntington's disease gene IT15, the neuropeptides somatostatin (SOM) and enkephalin (ENK), neurofilament-light (NF-l), and glial fibrillary acidic protein (GFAP; an astrocyte marker). The NR1 primer set was designed to amplify all NR1 splice variants. Eight of the 10 primer sets are modifications of previously published sequences (Table 1) . To evaluate the relative abundance of each transcript across samples, a realtime PCR protocol was optimized so that all 10 primer sets could be assayed in parallel, at the same annealing temperature in a 96-well plate (iCycler, Bio-Rad Laboratories, Hercules, CA, USA), with SYBR ® Green I dye as the fluorogenic marker. The use of SYBR Green obviates the need for target-specific fluorescent probes; however, its specificity is determined entirely by the primers and efficiency of PCR (8) .
Optimization of the PCR Protocol
To evaluate the relative abundance of each transcript across samples, it was critical to optimize the PCR so that all samples could be assayed in parallel, at the same annealing temperature. The predicted optimal annealing temperatures for these primer sets ranged from 50.3°C to 58°C, except for NR2C, which was relatively higher (63.8°C) due to the mRNA sequence being GC rich. We determined empirically the PCR efficiency of each of the primer pairs at annealing temperatures between 56°C and 58°C. The PCR efficiency was calculated according to Equation 1 and is expressed as a percentage of a theoretical ideal efficiency, doubling the DNA PCR product with each polymerization cycle (24) . PCR efficiency = (actual amplification rate/2) × 100
[Eq. 1] Actual amplification rate = exp.
[slope of linear log (RFU)]
[Eq. 2] RFU = relative fluorescent unit
To determine the lower limit of cDNA required for efficient real-time PCR, dilutions were prepared from mRNA isolated from 1000 striatal neurons, visualized by methylene blue histochemistry. Aliquots containing 100, 25, and 6.25 LCM neuron equivalents were processed for real-time PCR using the ENK PCR primer set.
Real-Time PCR
Real-time PCR was carried out in a 96-well plate using an iCycler and a premade SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). The Master Mix consists of SYBR Green I dye, AmpliTaq Gold ® DNA polymerase (27) , MgCl 2 , dNTP mixture, and other proprietary components. The final reaction volume contained 50 µL comprising primers (500-300 nM), cDNA, and Master Mix. Each of the three DNA samples generated from 200 LCM striatal neurons was divided into 10 aliquots (corresponding to 20 NOS neuron equivalents) and used for real-time PCR. Thus, for each sample of NOS-immunopositive neurons, 10 samples were generated and each sample was processed for real-time PCR using one of the 10 primer sets. All samples from each of the three rats were pro- Eight of the specific primers used were modified from previously published sequences. GFAP and NF-l were designed and synthesized in-house. 
Verification of PCR Products
The identity of the 10 PCR products was evaluated by (i) melting curve analysis, (ii) ethidium bromide gel electrophoresis, (iii) DNA chip analysis (2100 Bioanalyzer; Agilent Technologies, Palo Alto, CA, USA), and (iv) direct sequencing. Upon completion of PCR, melting curve analysis was performed in the iCycler. The reaction is heated to 95°C (1 min), and then cooled to 55°C in 0.5°C increments, and the SYBR Green fluorescence was then monitored and plotted against temperature. Specific 200-bp PCR products have a melting temperature in the range of 80°C-86°C, while nonspecific primer-dimers have a melting temperature in the range 68°C-78°C.
PCR products (5 µL) were further resolved by routine ethidium bromide gel electrophoresis in a 1.2% agarose gel and by microcapillary electrophoresis using a DNA 500 LabChip. Finally, SYBR Green PCR products were purified using QIAquick PCR Purification Kit to remove contaminating DNA primers and submitted for direct sequencing to the Massachusetts General Hospital (MGH) Sequencing Core facility. The specificity of the sequence data was verified using a BLAST search (National Center for Biotechnology Information).
Real-time PCR Data Analysis
A threshold value approach was used to compare the signals from the real-time PCR of each product. The threshold for detection was defined as the cycle number when the intensity of the SYBR Green fluorescence exceeded 10× the standard deviation of baseline fluorescence. For these experiments, the PCR baseline was determined as the mean fluorescence during cycles 4-15. This PCR baseline was then subtracted from each sample in the 96-well plate, and a threshold value was computed. This threshold assignment algorithm is a component of the iCycler software and is consistent with other real-time PCR studies (24, 42) . All data were normalized to NF-l (17), a neuron-specific marker used in previous PCR studies (24, 42) .
RESULTS
Development of the Rapid NOS Immunostaining Protocol
One of the most critical steps in obtaining a robust immunosignal using the rapid protocol was the choice of primary antiserum. We tested several anti-NOS antisera and found the polyclonal N-7155 (1:500; Sigma) to give the most specific and robust staining. When optimizing the rapid immunostaining protocol, we found that a 10-to 100-fold increase in routine antibody concentration often facilitated a positive signal within 5 min. In addition, the effect of tissue fixation on the abundance and intensity of NOS-immunopositive striatal interneurons was also assessed. Both aldehyde and ethanol fixation yielded a positive signal (Table 2 ). Since the intensity of staining was equivalent, and prior studies have shown better morphological tissue preservation with 80% ethanol compared to 95% ethanol (22) and that aldehyde fixation can impair mRNA recovery (22) Figure 1A) . Table 3 lists the final rapid immunofluorescence protocol.
Research Report 
Optimization of Real-Time PCR Protocol
The PCR efficiency, as assessed by the slope of the amplification curve (see Materials and Methods section) of each of the 10 primer sets, was evaluated at 56°C and found to be greater than 90% for nine of the 10 primer sets (Table 4) . GFAP had an efficiency of amplification of 82% at this annealing temperature.
Data plots of PCR threshold number (Ct) versus log number of LCM neuron equivalents ( Figure 1D ) revealed a linear correlation coefficient of 0.95, demonstrating that RNA extracted from as few as six striatal neuron equivalents was sufficient for real-time PCR analysis using SYBR Green I dye detection. These findings are in good accord with previous single-cell PCR studies (19, 41) .
Verification of PCR Products
All 10 primer sets generated a single PCR product of the expected size using control rat brain cDNA as template. However, a specific PCR product was not observed for GFAP and NR2C when using cDNA from laser-dissected NOS neurons, consistent with the absence of expression of these two mRNAs in striatal NOS-immunopositive interneurons. PCR products were assayed by ethidium bromide gel electrophoresis ( Figure 2 ) and by DNA microcapillary electrophoresis (DNA 500 Chip, Bioanalyzer) (Figure 3) . In addition, the identity of each product was verified by direct sequencing (MGH DNA Sequencing Core Facility).
Real-Time PCR of Striatal NOS Interneurons
Using the optimal immunostaining protocol, we isolated 200 NOS neurons from sections from three different rats and compared the abundance of the 10 mRNAs in each of the samples. In addition to the DNase treatment of all samples, some were processed in the absence of reverse transcriptase. A PCR product was not observed for any of these samples, which further demonstrates the absence of contaminating genomic DNA (data not shown). Table 4 shows the threshold values (Ct) for each of the 10 primer sets for each replicate. All data are normalized to NF-l to allow for inter-assay and intra-assay comparisons. Threshold cycle values greater than 45 were considered nonspecific because of the lack of detectable PCR products by either ethidium bromide gel electrophoresis (Figure 2 Step Procedure Time All reagents must be RNase-free or diluted with DEPC-treated water. 3). For each replicate, a specific PCR product was obtained for eight of the 10 primer sets; GFAP and NR2C were not detected. The variance of replicates for the normalized threshold cycles was less than 3% for each product. As expected, SOM mRNA was readily detected in this sample of NOS-immunopositive interneurons (threshold, 21.68 ± 1.06). By contrast, the threshold cycle for the detection of IT15 mRNA was 38.16 ± 1.30, suggesting very low levels of expression in this neuron population, consistent with previous PCR data (29) . Normalization of the data to NF-l mRNA equivalents revealed a relative rank order of threshold cycles for the other five mRNAs as NR1, ENK greater than NR2A, NR2B, and NR2D (Table 4) . NR2A, NR2B, and NR2D were detected more than 10 cycles later than SOM mRNA, demonstrating the limited expression of these mRNAs by NOS-immunopositive interneurons.
DISCUSSION
The immuno-LCM protocol described here permits the dissection of a chemically discrete population of NOSimmunopositive neurons from a heterogeneous fresh-frozen tissue section. Further, the protocol has been optimized for the rapid detection of this cell type, permitting the recovery of intact mRNA for subsequent quantitative RNA analysis, specifically real-time PCR. We have demonstrated that the real-time PCR protocol is linear over a range of laser-dissected neuron equivalents and that sufficient intact mRNA can be extracted, reverse transcribed, and used for real-time PCR from as few as 20 neurons. This rapid immuno-LCM protocol can be used to detect NOS-immunopositive neurons in other brain regions, including the cerebral cortex and septum. This protocol can similarly be used to identify NOS-immunopositive neurons for DNA extraction and subsequent direct PCR analysis (data not shown) and in frozen tissue sections from wild-type and transgenic Huntington's disease mouse brain (data not shown) and will facilitate the identification of cell-type-specific "signature" mRNA profiles (6) . This rapid protocol adds to those previously described for the identification of specific cell types in complex peripheral tissues (13, 16) .
Comparisons of expression levels across different mRNAs within any assay is problematic because there are several variables that can impact the data set generated; this is equally true for real-time PCR (8) . PCR efficiency is particularly critical. We attempted to minimize the impact of this effect by optimizing our protocol to yield PCR efficiencies greater than 90%. In addition, the method of fluorescence detection can affect data output. We employed a high-throughput protocol using SYBR Green fluorescence detection and monitored the specificity of the PCR-generated product by melting curve analysis, ethidium bromide gel electrophoresis, DNA microcapillary electrophoresis, and direct sequencing. Using these four methods, we are confident that the fluorescent signal generated for each sample is directly attributable to the specific PCR product generated and not to secondary amplifications or primer-dimer complexes.
Given the sensitivity of striatal neurons to the deleterious effects of NMDA receptor agonists and metabolic dysfunction, the complement of NMDA receptor subunits in various types of striatal neurons has been examined previously by single-cell PCR (19) and by dual-label in situ hybridization (2, 39) , providing a reference platform for the development of the current protocol. In general, data from these two experimental approaches were concordant and differed only in their relative cellular expression of NR2A and NR2B. Using single cell PCR, there appears to be a relative enrichment of NR2B versus NR2A transcripts in putative projection neurons (19) , while dual-label in situ studies suggest a more balanced expression (39) . Using the rapid immuno-LCM described, we report that striatal NOS-immunopositive interneurons are enriched in SOM mRNA (relative to NF-l chain mRNA), a chemical marker unique to this population of striatal neurons. By contrast, the relative expression of NR2A, NR2B, and IT15 mRNAs was marked- ly less. A specific NR2D product was detected, which is consistent with the restricted expression of this mRNA in striatal interneurons (40) , whereas a NR2C product was not detected, consistent with the lack of expression of this transcript in striatal neurons (39) . Thus, our data are consistent with previous mRNA studies in that they confirm the very low levels of NR2A, NR2B, and NR2D mRNA present in striatal NOS neurons, in particular the ratio of 2:1 for NR2A:NR2B that was reported in a dual-label in situ hybridization study (39) . The unexpected finding was the relative enrichment of NR1 transcripts expressed by this discrete population of NOS-immunopositive interneurons; whether this represents contamination of the NOS sample pool by the somata of adjacent striatal ENK mRNA containing projection neurons and/or mRNA contained within neighboring cellular processes (35) is unclear. Such contamination of the NOS sample pool is consistent across all three samples and clearly does not reflect sample contamination by glia, as GFAP mRNA and NR2C mRNA (glial markers) were not detected. In summary, the use of rapid immuno-LCM in combination with realtime PCR provides a direct method for examining the expression profile of mRNAs in a discrete population of neurons laser-dissected from a heterogeneous tissue section. Currently, this technique is being applied to the quantitative analysis of diseased tissue to determine the cellular origin of transcriptional dysregulation in the brain of Huntington's disease transgenic mice. This method is readily adaptable to conduct focused or genome-wide analyses in virtually any neuronal population in the mammalian brain.
